Cerebral malaria is a significant cause of global mortality, causing an estimated two million deaths per year, mainly in children. The pathogenesis of this disease remains incompletely understood. Chemokines have been implicated in the development of cerebral malaria, and the IFN-inducible CXCR3 chemokine ligand IP-10 (CXCL10) was recently found to be the only serum biomarker that predicted cerebral malaria mortality in Ghanaian children. We show that the CXCR3 chemokine ligands IP-10 and Mig (CXCL9) were highly induced in the brains of mice with murine cerebral malaria caused by Plasmodium berghei ANKA. Mice deficient in CXCR3 were markedly protected against cerebral malaria and had far fewer T cells in the brain compared with wild-type mice. In competitive transfer experiments, CXCR3-deficient CD8 ؉ T cells were 7-fold less efficient at migrating into the infected brains than wild-type CD8 ؉ T cells. Adoptive transfer of wild-type CD8 ؉ effector T cells restored susceptibility of CXCR3-deficient mice to cerebral malaria and also restored brain proinflammatory cytokine and chemokine production and recruitment of T cells, independent of CXCR3. Mice deficient in IP-10 or Mig were both partially protected against cerebral malaria mortality when infected with P. berghei ANKA. Brain immunohistochemistry revealed Mig staining of endothelial cells, whereas IP-10 staining was mainly found in neurons. These data demonstrate that CXCR3 on CD8 ؉ T cells is required for T cell recruitment into the brain and the development of murine cerebral malaria and suggest that the CXCR3 ligands Mig and IP-10 play distinct, nonredundant roles in the pathogenesis of this disease.
T cells ͉ Plasmodium ͉ IP-10 ͉ brain ͉ trafficking M alaria remains one of the most common infectious diseases in the world with an estimated 500 million clinical cases per year. One of the most lethal complications of infection with Plasmodium falciparum is cerebral malaria (CM), which causes more than one million deaths per year, mainly in African children under the age of 5. Although CM has been studied extensively, the pathogenesis of this disease is not fully understood. Sequestration of parasitized red blood cells in the microvasculature of the brain has long been thought to be the main factor leading to CM. However, sequestration does not seem to be the sole cause of CM. Instead, loss of blood-brain barrier integrity and activation of the inflammatory response have been well documented in CM and likely contribute to the complex pathogenesis of this disease (1) .
Mouse models of CM have been widely used to gain insight into the pathogenesis of CM. Although no animal model fully recapitulates the human disease, infection of certain mouse strains with Plasmodium berghei ANKA induces murine CM with many characteristics of the human disease. Infected mice develop cerebral complications, including paralysis, ataxia, convulsion, coma, and death. CD8 ϩ T cell sequestration in the brain has been shown to play a critical role in the development of murine CM (2-4). However, the mechanisms directing these cells to the brain have not been fully elucidated, with two studies showing that the chemokine receptor CCR5 partially guides CD8 ϩ T cells into the brain (3, 4) .
Chemokines are a superfamily of chemotactic cytokines that play important roles in the generation and delivery of immune and inflammatory responses. They are also involved in most disease processes, including infectious, autoimmune, inflammatory, and malignant diseases (5) . Chemokines orchestrate the movement of leukocytes and other cells by activating specific seven transmembrane-spanning G protein-coupled receptors expressed on responsive cells. IP-10 (IFN-induced protein of 10 kDa), or CXCL10, one of the very first chemokines identified, directs the trafficking of activated effector CD4 ϩ and CD8
ϩ T lymphocytes and other effector lymphocytes, such as natural killer (NK) and natural killer T (NKT) cells. It does so by binding to its high-affinity receptor CXCR3, which it shares with two other ligands, monokine-induced by IFN-␥ (Mig/CXCL9) and IFN-inducible T cell-␣ chemoattractant (I-TAC/CXCL11). CXCR3 and its ligands have been implicated in neurological diseases caused by other pathogens, including Toxoplasma gondii (6), West Nile virus (7), and HIV (8) . To date, little has been done to investigate the role of CXCR3 and its ligands in CM. A recent study measuring 36 biomarkers found that IP-10 was the only serum marker independently associated with CM mortality in Ghanaian children (9) . In addition, IP-10 was one of eight biomarkers in the cerebral spinal fluid (CSF) significantly upregulated in the CM group. Furthermore, in a mouse model of CM, NK cells were shown to induce the recruitment of CXCR3 ϩ T cells to the brain (10) . However, the role of IP-10 and CXCR3 in CM pathogenesis has not been fully established. We therefore investigated chemokine expression in the brain and spleen of mice infected with P. berghei ANKA and studied the effects of IP-10, Mig, and CXCR3 in murine CM, by using mice genetically deficient for CXCR3, IP-10, and Mig. they were also the most highly induced chemokines. Mig was induced 500-fold and IP-10 220-fold after infection (Fig. 1B) . Although a small increase in I-TAC mRNA expression was observed, we did not study further the effect of I-TAC on the development of murine CM. C57BL/6 mice do not produce functional I-TAC protein because of a mutation that introduces a stop codon in the I-TAC leader sequence (GenBank accession numbers NM019494 and AA174767). Sequencing of PCR products obtained from our IP-10-and Mig-deficient mice in the C57BL/6 background revealed the same mutations, demonstrating that the IP-10-and Mig-deficient mice do not express functional I-TAC protein (R.A.C., G.S.V.C., and A.D.L., unpublished data). In addition to the CXCR3 ligands, the CC chemokines MCP-1, MCP-3, RANTES, MIP-1␣, MIP-1␤, and the CXC chemokine MIP-2 were also induced but to lower levels than the CXCR3 ligands. Chemokine levels in the spleen in general did not increase as much as in the brain during murine CM ( Fig. 1 D and E) . In the spleen, Mig increased 1.8-fold and IP-10 2.4-fold, whereas the mRNA levels of a number of other chemokines, including RANTES, SDF-1, and ELC decreased after P. berghei ANKA infection.
IP-10 and Mig were the initial chemokines induced in the brain 6 days after infection (50-fold and 165-fold, respectively) and increased further by day 8 (Fig. 1C) . RANTES, MIP-1␣, MCP-1, and IFN-␥ levels were still low on day 6 and increased by day 8. In contrast, in the spleen, the highest chemokine levels were seen 6 days after infection, with MCP-1 and IFN-␥ showing the highest induction (Fig. 1F) . By day 8 after infection, spleen RNA levels had decreased for all chemokines analyzed.
IP-10 and Mig protein levels in the brain and spleen were analyzed by ELISA. Consistent with RNA data, IP-10 and Mig protein levels increased by day 6 after infection ( Fig. 1C Inset) and increased further on day 8. Spleen IP-10 and Mig protein levels were increased day 6 after infection and declined by day 8 (Fig. 1F Inset) .
CXCR3 KO Are Markedly Protected from CM. To determine the role of the CXCR3 ligands in murine CM, we infected CXCR3-deficient (CXCR3 KO) mice with P. berghei ANKA. Wild-type mice developed murine CM between days 6 and 10 after infection, and their mortality was 80-100% ( Fig. 2A ). In contrast, CXCR3 KO mice were markedly protected from CM, with mortality of only 10-30% (Fig. 2 A) . Levels of parasitemia for wild-type and CXCR3 KO mice were found to be similar through day 10 after infection, by which time most wild-type mice had died (Fig. 2B ). CXCR3 KO mice that did not develop CM had increasing levels of parasitemia, developed anemia, and were killed at day 21 after infection. Typical signs of CM were evident in H&E-stained brain sections from wild-type mice, with occluded and disrupted blood vessels and leukocyte accumulation, whereas these findings were absent in CXCR3 KO mice (Fig. 2C) . 
Brain-infiltrating CD8
ϩ T cells have been shown to be crucial mediators of CM induced by P. berghei ANKA. We therefore compared the recruitment of CD3 ϩ T cells and CD3 ϩ CD8 ϩ T cells to the brains of infected wild-type and CXCR3 KO mice. T cell infiltration to the brain peaked at day 8, when mice developed signs of severe CM (Fig. 3) . Infiltration of both CD3 ϩ and CD8 ϩ T cells into the brain was higher in wild-type mice than in CXCR3 KO mice. The number of brain-sequestered CD8 ϩ T cells at day 8 after infection when CM was evident was 14-fold higher in wild-type mice than on day 0, with overall CD3 ϩ T cells being increased 7-fold ( Fig. 3 Left). This response was markedly attenuated in CXCR3 KO mice, which only had a 4-fold increase in CD3
ϩ CD8 ϩ T cell and 2.7-fold increase in CD3 ϩ T cell recruitment compared with uninfected mice. CD8 ϩ T cell recruitment to the infected brain in CXCR3 KO mice was reduced 300% compared with wild-type mice.
In addition to T lymphocytes, NK and NKT cells have been shown to play an important role in the development of murine CM. Recruitment of NK cells to the brain in CXCR3 KO mice was 2-fold lower than for wild-type mice, whereas NKT cells were not significantly different (Fig. 3 Bottom).
CXCR3 Is Required for CD8 ؉ T Cell Trafficking to the Brain. To determine directly the role for CXCR3 in CD8 ϩ T cell homing to the brain in murine CM, we used competitive adoptive transfer experiments. In these studies, in vitro-generated wildtype and CXCR3 KO effector CD8 ϩ T cells were cotransferred into wild-type mice that were infected 5 days earlier with P. berghei ANKA. We used CD8 ϩ T cells from ovalbumin-specific T cell receptor-transgenic mice (OT-I) crossed with wild-type Thy1.1 or CXCR3 KO Thy1.2 mice. When transferred into wild-type Thy1.1ϫThy1.2 mice, both wild-type (Thy1.1) and CXCR3 KO (Thy1.2) OT-1 CD8 ϩ T cells can be analyzed in the same recipient mouse. In addition, the use of OT-I cells allowed us to examine the role of CXCR3 in migration to the brain independent of antigen-induced proliferation. Both wild-type and CXCR3 KO OT-I effector CD8 ϩ T cells were confirmed to be similarly activated, with high CD25 expression and intermediate CD62L expression, as determined by FACS analysis (data not shown). When recipient mice developed CM, brain and spleen were harvested and analyzed for the presence of transferred cells by using the Thy1.1 and Thy1.2 markers. In the spleen, wild-type and CXCR3 KO cells were present in similar numbers (Fig. 4A) . In contrast, in the brain there were 7-fold fewer CXCR3 KO OT-I cells than wild-type cells (Fig. 4B) , which clearly demonstrates that CXCR3-deficient CD8 ϩ T cells could not traffic to the brain as efficiently as wild-type CD8 ϩ T cells.
Wild-Type CD8 ؉ T Cells Restore CXCR3KO Mice CM Mortality. To define more specifically the involvement of CXCR3 in this disease, splenocytes from wild-type or CXCR3 KO mice infected 5 days earlier with P. berghei ANKA were adoptively transferred i.v. into CXCR3 KO recipients. Two hours later, recipient and control CXCR3 KO mice were infected with P. berghei ANKA. CXCR3 KO mice that had received wild-type splenocytes developed CM at nearly the same rate as wild-type mice, whereas only a very low proportion of CXCR3 KO mice that had received CXCR3 KO splenocytes developed CM, similar to CXCR3 KO mice that did not receive any transferred cells (Fig. 5A ). This finding demonstrates that CXCR3 on leukocytes is required for the development of murine CM and that wild-type leukocytes can restore CM mortality in CXCR3 KO mice. Because CXCR3 is expressed on different leukocyte subsets among splenocytes, we next isolated CD3 ϩ CD8 ϩ T cells from wild-type splenocytes 5 days after infection by FACS sorting and then adoptively transferred them into CXCR3 KO mice before infection. Mice that had received CD8 ϩ T cells developed CM at rates similar to those of wild-type mice (Fig. 5A) , indicating that CXCR3 on CD8 ϩ T cells is required to induce CM. Using the Thy1.1 allele, we found that adoptively transferred wild-type CD8 ϩ T cells (Thy1.1) were recruited to the brain of CXCR3 KO mice (Thy1.2) at the CM stage (0.72 Ϯ 0.20% of lymphocyte gate) (Fig. 5 B and C) . CXCR3 KO mice that had received wild-type CD8 ϩ T cells also had a marked increase in the numbers of their own CXCR3-deficient CD8 ϩ T cells (Thy1.2) in the brain compared with CXCR3 KO mice that had not received wild-type CD8 ϩ T cells (Fig. 5C ). The number of CXCR3KO CD8 ϩ T cells (Thy1.2) in the brain of CXCR3 KO mice that had received adoptively transferred wild-type CD8 ϩ T cells was 3-fold higher than in CXCR3 KO mice without transferred cells. To investigate the mechanism of this CXCR3-independent recruitment of CD8 ϩ T cells, we measured chemokine and IFN-␥ expression in the brains of wild-type, CXCR3 KO, and CXCR3 KO mice that had received adoptively trans- ferred wild-type CD8 ϩ T cells (Fig. 5D ). The marked induction of IP-10, Mig, RANTES, MCP-1, and IFN-␥ seen in wild-type mice was reduced in CXCR3 KO mice. Adoptive transfer of wild-type CD8 ϩ T cells restored the expression of these chemokines and IFN-␥ in CXCR3 KO mice to levels observed in wild-type mice. This finding suggests that CXCR3 guides CD8 ϩ T cells into the brain, which results in the production of additional chemokines that then amplifies CD8 ϩ T cell recruitment to the brain independently of CXCR3.
IP-10 KO and Mig KO Are Partially Protected from CM. Because we found that both IP-10 and Mig were highly induced in the brain by murine CM, we sought to evaluate the individual contributions of these two ligands to the development of this syndrome. To do so, IP-10-and Mig-deficient mice were infected with P. berghei ANKA and observed for mortality from CM. Both IP-10-and Mig-deficient mice were partially protected from CM, with only 30-40% mortality (Fig. 6 A and B) compared with 80-100% for wild-type mice, suggesting that both ligands are independently involved in the disease. To explore further the respective roles of IP-10 and Mig in CM, we performed immunhistochemistry on brains of mice on days 0 and 8 after infection. Uninfected mice showed very little staining for either ligand. Mig-and IP-10-deficient mice that had developed signs of CM were used as controls to ensure specific antibody staining. After infection and the development of CM, brains of wild-type mice showed marked Mig staining on endothelial vessels (Fig. 6C ). In contrast, IP-10 staining was found widely disseminated in neurons throughout the brain parenchyma and only occasionally on endothelial cells (Fig. 6D) . Immunofluorescence double staining with antibodies specific for neurons (TuJ-1) and astrocytes (GFAP) confirmed that IP-10 was expressed by neurons but not astrocytes (Fig. 6E) . These data suggest that IP-10 and Mig have distinct functions in the pathogenesis of CM.
Discussion
Mortality rates in CM remain very high (10-30%) because of the lack of timely and effective treatments, which relates, in part, to our lack of understanding of the pathogenesis of this syndrome. To advance the understanding of this complex disease, both human and animal studies are required, which complement and direct each other. In recent years, human studies have found associations between levels of certain chemokines and CM mortality, which we are now studying further in a mouse model of this disease.
In particular, a recent study found that among 36 biomarkers, serum IP-10 levels were the only variable independently associ- ated with CM mortality and that CSF IP-10 concentrations were also up-regulated in Ghanaian children who died of CM (9) . Although the mouse model of CM caused by P. berghei ANKA does not reproduce all of the features of human CM, these human findings are very similar to what we report here for IP-10 and the other CXCR3 ligand Mig, which were the most highly expressed chemokines in the brains of mice with CM. In addition, we also found that splenic levels of both chemokines were up-regulated 2-fold, similar to what was found for serum levels in Ghanaian children. Interestingly, the human study also found that CM induced a greater fold increase in IP-10 levels in the CSF than in the serum, which is also similar to what we found in our murine study. Different human studies have reported that decreased RANTES serum levels were independently associated with CM mortality in Uganda (11), whereas another study reported increased RANTES expression in the brain in children who died of CM in Ghana (12) . We similarly found decreased RANTES expression in the spleen and increased expression in the brain during murine CM. Taken together, these data suggest that chemokine regulation is similar in the P. berghei ANKA mouse model to what has been described for children dying of CM.
Although the human studies have shown that chemokine levels are associated with mortality from CM, they cannot provide information about the functional roles of different chemokines in the pathogenesis of this disease. Employing the mouse model has allowed us to interrogate the potential contribution of specific chemokines and chemokine receptors. We found that mice deficient in CXCR3 were highly protected against murine CM. CD3 ϩ and CD3
ϩ CD8 ϩ T cell recruitment to the brain was markedly reduced in CXCR3 KO mice, whereas NK cell recruitment was only modestly reduced. To establish whether CXCR3 is directly involved in directing CD8 ϩ T cells to the brain during murine CM, we used a competitive transfer model in which both wild-type and CXCR3 KO CD8 ϩ T cells were i.p. injected into the same mouse. Similarly to what we found in the CXCR3 KO mice, a small number of CXCR3 KO OT-I cells were found sequestered in the brain, but wild-type cells were 7-fold more efficient in migrating to the brain. Adoptive transfers of in vivo activated wild-type CD8 ϩ T cells restored murine CM susceptibility to CXCR3 KO mice and induced CXCR3-independent recruitment CD8 ϩ T cells to the brain. Early IP-10 and Mig expression in the brain might be induced by the innate immune system, possibly in response to Toll-like receptor signaling, as one study reported that brain IP-10 and Mig expression depended on MyD88 signaling after P. berghei ANKA infection (13) . IP-10 and Mig were the earliest chemokines up-regulated in the brain, 6 days after infection, before CD8 ϩ T cell infiltration to the brain. Our findings therefore suggest that CD8 ϩ T cells recruited to the brain by IP-10 and Mig amplify the induction of cytokines and additional chemokines that leads to the recruitment of CD8 ϩ T cells independent of CXCR3.
One intriguing question in the chemokine field is the apparent redundancy of the chemokine system, with most receptors being activated by more than one chemokine and many chemokines binding to more than one receptor. To determine the respective roles of the CXCR3 ligands in CM, we analyzed IP-10 and Mig KO mice in the P. berghei ANKA model. We found that IP-10 and Mig KO mice were partially protected from CM, demonstrating that both of these CXCR3 ligands were needed for the development of CM. Immunohistochemistry revealed that the two chemokines may play distinct roles. Mig staining was found mainly on brain endothelial cells, whereas IP-10 was expressed mainly on neurons. While our article was in review, Miu et al. (14) reported similar findings regarding the role of CXCR3 in murine CM induced by P. berghei ANKA. However, by using in situ RNA hybridization, Miu et al. detected Mig expression in microglia and endothelial cells and IP-10 expression in astrocytes and endothelial cells, but not neurons. Using immunohistochemistry, we also detected Mig and IP-10 expression in endothelial cells. However, we detected IP-10 expression in neurons but not astrocytes, which we confirmed by using immunofluorescence double staining. In West Nile virus infection, IP-10 is expressed in neurons and directs the migration of CD8 ϩ T cells into the brain (7) . In HIV infection, IP-10 is expressed by neurons and has a direct neurotoxic effect, and its CSF levels were found to correlate with HIV-associated dementia (15, 16) . It is possible that IP-10 may contribute to the neurological impairment seen in human CM in an analogous manner through direct neurotoxicity in addition to its role in CD8 ϩ T cell recruitment.
In summary, we have shown that CXCR3 and its two ligands IP-10 and Mig are required for the development of murine CM. CXCR3 is critically required for early CD8 ϩ T cell sequestration in the brain of infected mice. CXCR3 ϩ T cells induce the production of a second wave of chemokines in the brain, which in turn induces further recruitment of CD8 ϩ T cells independently of CXCR3. Our findings suggest that CXCR3 and its ligands link innate immune cell activation and the delivery of an immunopathogenic adaptive immune response to the brain.
Methods
Materials and Mice. C57BL/6 wild-type mice were purchased from the National Cancer Institute, National Institutes of Health (NIH), Bethesda, MD. Breeder pairs of CXCR3-deficient (CXCR3 KO) mice were a kind gift from G. Gerard (Children's Hospital, Harvard Medical School, Boston, MA), and breeder pairs of Mig KO mice were a kind gift from J. M. Farber (National Institute of Allergy and Infectious Diseases, NIH, Bethesda, MD). IP-10 KO mice were generated in our laboratory and backcrossed into C57BL/6 for nine generations (17); CXCR3 KO and Mig KO mice were backcrossed into C57BL/6 mice 10 and nine generations, respectively. All three KO mice strains were rederived to be free of Helicobacter and Pasteurella pneumotropica. The OT-I TCR mice in the C57BL/6 background were obtained from Jackson Immunoresearch Laboratories and crossed with CXCR3 KO mice. All protocols were approved by the Massachusetts General Hospital Subcommittee on Research and Animal Care. Antibodies were from BD Biosciences, unless stated otherwise.
Infections. Six-to 8-week-old female mice were injected i.p. with 2 ϫ 10 6 P. berghei ANKA-infected red blood cells. Mortality was checked twice daily, and mice showing signs of severe CM (ataxia, convulsion, coma) between days 6 and 10 after infection were killed. Parasitemia was assessed by tail blood smears stained with Giemsa every other day. Mice without CM developed anemia because of rising parasitemia and were killed on day 21.
Quantitative PCR. Total RNA from spleens and brains of mice either uninfected or at different points after infection with P. berghei ANKA was isolated by using TRIzol and subsequently with an RNAeasy kit (Qiagen). RNA was converted to cDNA and analyzed by qPCR as described before (18) by using the MX4000 multiplex quantitative PCR system (Stratagene).
Brain and Spleen Chemokine ELISA. Brains and spleens were homogenized in HBSS and protease inhibitor mixtures (Roche Applied Science) and centrifuged at 11,000 ϫ g for 20 min. IP-10 and Mig levels in the supernatants were determined by using murine Quantikine immunoassay kits (R&D Systems).
Brain-Sequestered Leukocyte Isolation and Spleen Cell Isolation. Brain and spleen cells were obtained from mice at different times after infection. Brains were removed after intracardial perfusion with 35 ml of PBS; they were minced and digested for 45 min with Blendzyme (Roche) and DNase (SigmaAldrich) at 37°C with shaking. The cells were passed through a 70-m cell strainer and centrifuged on a 35% Percol for 40 min at 450 ϫ g. The pellets were washed, and the red blood cells were lysed (Sigma), counted, and stained for flow cytometry. Spleens were removed, passed through a 70-m strainer, and red blood cells lysed and counted. For flow cytometry, cells were incubated for 10 min with 2.4G2 anti-Fc␣III/II receptor (BD PharMingen) and stained with the following antibodies: FITC-conjugated anti-murine CD3, PE-Cy5.5 or allophycocyanin (APC)-conjugated anti-murine CD8, APCconjugated anti-murine NK1.1, PE-or PercP-conjugated anti-murine Thy1.1, or APC-conjugated anti-murine Thy1.2 at 4°C for 20 min. Cells were fixed with 1% paraformaldehyde, and cytofluorometry was performed by using a FACS
